Production of J/ψ-meson pairs and 4c-tetraquark at LHC Theoretical predictions for pp → 2J/ψ + X cross section at √ s = 7 TeV with different kinematical restrictions are presented. Results are compared with the the first LHCb data available. Special attention is payed to possible signal from novel particles -tetraquarks build from two valence c-quarks and two valencec-quarks.
In the leading order in α s quarkonia pair production process obeys selection rules similar to those in quarkonia decays. Two initial gluons in a color-singlet state are C-even. That is why production of J/ψ-, η c -or χ c -meson pairs is allowed while combined production of 2 particles having different C-parity (such as J/ψ + η c and J/ψ + χ c ) is prohibited.
First comparison of the NA3 data with QCD predictions has shown 2 times shortage of the prediction [3] . Taking additional contribution from the P -wave state χ c or ψ ′ -meson decay to J/ψ into account could improve the agreement. Selection rules mentioned above put restrictions on the feed down from the higher states. For instance feed down from the J/ψ + χ c production is expected to be less than from the χ c + χ c one as production of the former final state is prohibited in leading order. Meanwhile feed down from the J/ψ + ψ ′ channel is expected to be quite large. In principle, other mechanisms of J/ψ-pair production are possible at the same order in α s . First of all it is contribution of the color-octet states which plays significant role in the single J/ψ production in the high-p T region. Cross section of the color-octet states production falls more slowly as transverse momenta grows than that of the color-singlet one. However at small transverse momenta and small invariant masses of the J/ψ pair smallness of the color-octet matrix element in the wave function of the J/ψ meson compared to the color-singlet one obviously leads to the negligible contribution.
As shown in [6, 7] octet contribution becomes significant only at transverse momentum p T > ∼ 15 GeV (which corresponds to big invariant mass of the J/ψ pair). Another possibility to enlarge theoretical prediction is connected with the rearrangement of c-quarks in the final state, when instead of two colorless cc-pairs two diquarks, cc andcc, are produced.
After interaction in the final state they can form a pair of double-heavy baryons above the threshold of their production or a pair of J/ψ-mesons below it.
The region of small invariant masses of the J/ψ-pair is most interesting due to the opportunity for two diquarks [cc]3 c + [cc] 3c to form a bound state -tetraquark, which decays to a J/ψ-pair. Attraction between3 c -and 3 c -states does not exclude such a possibility, especially since similar exotic states like Y (3940) resonance decaying to J/ψω [8] and Y (4140) resonance decaying to J/ψφ [10, 11] have recently been observed.
In addition, pair production of J/ψ-mesons has been earlier discussed as a possible way to observe C-even states of bottmonia. Production of scalar and tensor χ b -mesons was considered in [12, 13] , production of an η b -meson -in [14] .
The second section of our article is devoted to the non-resonant production of J/ψ- meson pairs in the gluon-gluon interaction. In the third section cross section of this process at LHC at 7 TeV energy is calculated taking different experimental restrictions into account.
Special attention is payed to production in LHCb conditions as there is first experimental data available [15] . Fourth section is devoted to calculation of the 4c-tetraquark mass and estimation of the cross section of its production at LHC.
II. DOUBLE J/ψ-MESON PRODUCTION IN GLUON-GLUON INTERACTION
In the leading order of perturbative QCD there are 31 Feynman diagrams describing colorsinglet charmonium pairs production in gluonic reaction (see fig.1 ). We are not considering contribution of the quark-antiquark interaction, which is negligibly small at LHC energies.
Hadronization of a cc-pair into a final J/ψ-meson is accounted for by the wave function of this particle at origin:
It is the only nonperturbative parameter in the matrix element of gg → 2J/ψ process. Its value is extracted from the leptonic width of J/ψ-meson neglecting QCD corrections as we do not take these corrections into account in our matrix element. Color-octet contributions in the kinematical region considered in our article can be neglected [6, 7] .
In the following we will use two methods to calculate the cross section. First approach involves standard procedure of analytical calculation of the amplitude, analytical squaring of this amplitude (for example, using FeynCalc package [16] ) and subsequent integration over the phase space. Second method which we use is based on numerical calculation of the amplitude at each point of the phase space, followed by squaring (see papers [17, 18] for more details [4, 19] .
In fig.2 the cross section of double J/ψ-meson production in gluonic interaction versus invariant mass of the pair is shown for different combinations of polarizations. Table I shows cross section of the J/ψ pair production for various polarizations of each of J/ψ-particles. It can be seen that near the threshold cross sections of transversely and longitudinally polarized J/ψ-meson production are comparable, while at higher p T (and hence large invariant mass of the gluon pair), J/ψ-mesons are mainly transversely polarized (see also [6, 7] ). As an example, in fig.3 we show angular distribution of polarized J/ψ-mesons, produced in gg → 2J/ψ reaction at √ŝ = 10 GeV. One can easily see, that angular distributions for different combinations of polarizations differ drastically. Partonic cross-section summed over polarizations as a function ofŝ is equal at origin and masses:
The yield of non-identical particles is factor 2 enhanced compared to the yield of identical ones. We estimate contribution of the gg → J/ψψ ′ process by substituting (m(J/ψ) + m(ψ ′ ))/2 for m(J/ψ) in the matrix element and using the appropriate ψ(0) for the second quarkonium. For ψ ′ this value determined from the leptonic width is equal
Taking numerical values into account one gets approximately
Noticing that branching fraction of ψ ′ → J/ψ + X decay is about 56% one concludes that feed down from this excited state is nearly 30%.
Determination of feed down from P -wave states like χ c requires calculation of another matrix element with 2 P -wave particles in the final state. Meanwhile production of χ c + J/ψ states is suppressed by C-parity conservation and feed down from χ c pairs is suppressed by branching squared. Naive estimation of feed down from the latter process leads to the value of about 6% in low invariant mass region.
As noted above, near the threshold one of the sources of J/ψ-pair is gluonic production of cc andcc diquarks. This reaction is described by the diagrams similar to those shown in fig.1 , but with changed color factors and value of wave function at origin. The last parameter can be calculated in the framework of potential model. According to paper [20] its numerical value is equal
In fig.4 the cross section of double diquark production in gluonic interaction as a function of its invariant mass is shown. Below the threshold of two Ξ cc -baryons production at m gg ≈ 7
GeV we expect the transition of this state into a pair of J/ψ-mesons or a tetraquark, that can be observed as a peak in the J/ψJ/ψ mass spectrum.
III. PRODUCTION AT LHC
To calculate the cross section of charmonia pairs production in hadronic experiments one needs to convolute partonic cross section presented in the previous section with the distribution functions of partons in the initial hadrons:
where x 1,2 are the momentum fractions carried by partons. As already mentioned, gluon interaction gives main contribution at the LHC energies, so it is sufficient to take only gluon fusion into account. Typical values of x are small, x 1,2 ∼ 10 −3 . According to our calculations total cross section of the direct J/ψ pairs production in proton-proton interaction at √ s = 7
TeV is equal to
This value agrees well with previous results ( [6] , for example). Leading order expression for the running strong coupling constant α s (m T ) was used to obtain this value. It is clear that since the cross section of the gg → 2J/ψ process is proportional to α 4 s , final result depends strongly on the choice of this constant. For gluon PDFs CTEQ5L [22] parametrization at m T scale was used as the most natural one for the leading order QCD process.
It worth mentioning that simple expression (7) does not account for the transverse momentum of gluons induced by the radiation in the initial state (ISR). This effect obviously does not affect value of the total cross section, but may be significant for the transverse momentum distribution of the final particles as well as for the cross sections in different detectors. In our work ISR is taken into account by the Pythia 6.4 MC generator [21] .
Standard tune of the version 6.4.25 was used.
To obtain predictions for specific experiment it is necessary take kinematical constraints imposed by the detector into account. For instance, at the LHCb experiment main limitation is imposed on the rapidity of the final charmonium: 2 < y < 4.5, while there is virtually no cutoff on the transverse momentum. To demonstrate importance of the initial state radiation we present the p T -distribution of the J/ψ-pair ( fig.7 ). In the collinear approximation this distribution is obviously described by the δ-function.
Solid curve in fig. 8 shows distribution over the invariant mass of the J/ψ pair. One can see that without cutoff in transverse momentum main part of events is concentrated in the Points with error bars correspond to the first LHCb data [15] .
Together with the direct cross section this leads to the value
Experimental value reported in [15] is 5.6 ± 1.1nb, which is in a good agreement with the prediction.
We make predictions for different kinematical distributions which will be measured by LHCb later at bigger statistics. Figures 10 and 11 show distributions over transverse momentum of a single J/ψ from a pair and over transverse momentum of the whole pair respectively.
Contributions from both direct production and from ψ ′ decays are shown. One sees that shape of both contributions are similar. Fig. 12 shows distribution over the rapidity of one of the J/ψ mesons from a pair. Smooth left border of this distribution dues to the fact that two J/ψ mesons in a pair are generally close in rapidity. So when one of them fails cutoff in rapidity, second one is rejected too, even if it is in the allowed range.
IV. TETRA-C-QUARK
The most interesting phenomenon in the region of small invariant masses of J/ψ-pairs is formation of a tetraquark built of 2 c-quarks and 2c-quarks and its decay into a J/ψ- with one J/ψ originated from ψ ′ decay (dotted curve) and their total (solid curve). LHCb kinematical cutoff is applied. [10, 11] . These states have small widths and can not be described in usual quark-antiquark scheme. It turns out, however, that all these mesons can be described in terms of tetraquarks
, where q is u-, d-or s-quark [8, 9] . In the following we consider the q = c case, that is a tetraquark T 4c built from four charm quarks -
To estimate parameters of these states we use diquark model of tetraquark that is we assume that it is built from two almost point-like diquarks which interact with each other.
In this case Pauli exclusion principle imposes strong restrictions on the quantum numbers of these diquarks. Indeed, the angular momentum of quarks in the ground state of the diquark should be equal to zero. In order to attract to each other and build a tetraquark state both diquark and antidiquark should be in the triplet color state. From the Pauli exclusion principle it immediately follows that the total spin of both diquarks must be equal to unity. Indeed coordinate component of wave function of these diquarks is symmetric, color component -antisymmetric, so spin component of wave function has to be symmetric. Mass of a diquark with such quantum numbers can be determined by solving a non-relativistic Schrodinger equation [20, 23] . Interaction potential is chosen proportional to the potential between quark and antiquark in usual charmonium states but with an additional factor 1/2 which accounts for the difference in color structures. Using mass of the c-quark equal to m c = 1.468 GeV and taking into account hyperfine splitting
where S c1,2 are quark spin operators and ψ [cc] (0) is the diquark wave function at origin, which value was given in expression (6), the following values for diquark mass and mean radius can be obtained:
The following consideration assumes that both diquarks are point-like. In this case tetraquark mass can be obtained by solving Schrodinger equation with the potential used in meson spectrum calculation. The wave function of tetraquark at origin appears to be equal
Without spin-spin interaction mass and mean radius of tetraquark are equal
It is seen that the mean radius of tetraquark and its constituent diquarks are comparable, and therefore the values obtained for the masses should be regarded as a rough estimation.
Finite size of the diquarks can be accounted for with the form factor can form a tetraquark T 4c consisting of 4 c-quarks with subsequent decay into a J/ψ meson pair. So, the following relation should hold: (10) where K < 1.
In the current work we use value K = 0.1. Width and height of the peak caused by the tetraquark contribution is determined by its own width ∆ ∼ 0.1 MeV. However it is considerably smaller than experimental resolution of the detector ∆ exp. ∼ 50 MeV. Histogram in Fig. 13 shows the distribution over the invariant mass of the J/ψ-pair with expected contribution from the tetraquark using experimental resolution for the bin width.
V. CONCLUSION
In our paper we use perturbative QCD to calculate the fourth order contributions to the J/ψ pairs production at LHC. According to our estimates the ratio of the cross section 
